Abstract: Growing crystals of nickel niobate (NiNb 2 O 6 ), we noticed that changing growth 1 conditions allowed our material to enter different areas of the phase diagram. We also found that 2 excess material accumulated within and above the liquid zone. Analysis showed that this was an 3 excess of NiO. Changing the ratio of the constituent oxides -an excess of ∼4% of either NiO or 4 Nb 2 O 5 gave us the opportunity to investigate changes in zone stability, melting temperature and 5 quality of the resulting crystal. We found that a small excess of nickel oxide decreases the melting 6 temperature significantly, and created the best pseudo-rutile NiNb 2 O 6 crystal studied (Pbcn, space 7 group 60), while higher amounts of niobium oxide allowed us to stabilize the NiNb 2 O 6 columbite 8 phase (P4 2 /n, space group 80). This research reinforces the idea that self-flux as a travelling solvent 9 can significantly impact crystal growth parameters and quality. 
Introduction

13
The optical floating zone (OFZ) crystal growth method creates an opportunity to grow crystals 14 of congruently and incongruently melting oxides [1] . Whereas to obtain crystals of congruently 15 melting materials the grower has to well understand the interplay between melting temperatures, space group 60 (Pbcn), and reports on successful growths via the optical floating zone have been 32 presented in [20] , although no experimental details were given. The NiNb 2 O 6 material has not 33 been well explored due to the complicated phase diagram [21] and having high quality crystals of it 34 would allow us to compare and contrast a potential spin-1 magnetic system against a similar spin- 
Results
52
The first two growth attempts were done in a Crystal Systems optical floating zone image 53 furnace near the maximum power settings of the system (4 x 300 W lamps). Remaining growths 54 were performed in a NEC OFZ image furnace with higher wattage (2 x 1 kW) lamps.
55
Initially, the growths were done in reducing conditions, required to stabilize the NiNb 2 O 6 56 phase [21], using a commercially mixed gas of 90% argon and 10% hydrogen in an attempt to obtain 57 the columbite structure. At the beginning the growths were done with a significant number of manual 58 adjustments. Gas pressure was modified throughout the growth in an attempt to reach more stable 59 conditions. After growth 4, all growths except 13, which was performed in air, were done in a 100% 60 oxygen gas (O 2 ) environment at 200 kPa overpressure up to growth 8, 40 kPa overpressure for growth 61 9 and with no overpressure for all remaining growths.
62
On the NEC system we were able to stabilize the growth at the rate of about 4 mm/hr. Although 63 ultimately the zone spontaneously lost stability and began to widen to the point that the growth was 64 unsustainable. A subsequent attempt at a slightly increased speed was also unstable, leading to the 65 conclusion that this material grows best at 3 mm/hr in the reducing atmosphere.
66
Because the material is not congruently melting, evidenced by the residual material left at the 67 end of the growth, we decided to pre-melt it in an oxygen environment, as we wanted to densify the 68 rod and make it uniform. Based on the stability exhibited during the pre-melt we continued growing 69 in oxygen for future attempts. Growth of the pre-melted boule at a speed slower than 3 mm/hr, 70 consistent with successful speeds used for growth of cobalt niobate, was unsuccessful.
71
The following growth was done at 10 mm/hr, which resulted in a boule of material with one 72 dominant orientation. This was then grown at the most stable observed speed, which was about 5 73 mm/hr. Post-analysis showed that the tip was overheated and that a concave crystallization front 74 was formed. Based on this we decided to reduce the oxygen overpressure for the next growths as of this material is shown in figure 1 . The powder x-ray pattern is shown in figure 6 with the reference 
112
Using excess nickel oxide flux, we were able to significantly lower the growth temperature
113
(by roughly 200 degrees). This allows us to avoid quenching and stabilized the columbite phase.
114
Additionally, it allowed for more stable growth. This is to be expected as viscosity is inversely 115 proportional to temperature. The nickel niobate in the columbite structure that were grown still 116 had a thin layer of yellow polycrystalline material on the outside. The black internal material was 117 identical to the polycrystalline shell, confirmed via powder XRD. With a lower temperature we 118 obtained an external layer of polycrystalline material that could only be seen under magnification 119 using the stereoscope; in essence we had eliminated the shell. The grown material was a mosaic of 120 single crystals, both amber coloured and black, that were small (1-3 mm across). 
Materials and Methods
122
The materials were prepared using 5N-purity niobium(V) oxide (Nb 2 O 5 ) and 4N-purity was performed. The oxides were pre-reacted in ceramic crucibles at 1475 K for 48 hours with a ramp 127 rate of 100 K per hour and were subjected to intermediate grinding.
128
The obtained materials were checked for complete reaction using a PANalytical X'Pert powder
Once the powder was successfully synthesized, the materials were shaped into rods and placed 133 in a hydrostatic press under a pressure of 50 MPa for 15 minutes. The rods were removed from their 134 forms, placed in a ceramic boat and then fired at 1475 K for 48 hours. Both seed and feed rods were 135 made in this manner. The rods were approximately 6 to 7mm in diameter and 8 to 11 cm in length.
136
The seed rod as hung on nickel wire in the OFZ furnaces. For the growth using a flux, a 5mm 137 thick NiO flux pellet was used.
138
The materials were heated in the OFZ furnace initially at a ramp rate of approximately 1.5% and movement were stopped, the lower rotation speed was reduced in 5 rpm steps and 10 second 153 intervals to 6 rpm, the seed speed was set to zero and the cooling rate was set to 3% power per hour 154 down to 25% lamp power, and 5% power per hour below that. For growths that were quenched, the 155 procedure was modified to cool at 1% lamp power per minute down to the appropriate lamp power.
156
Material assessment by powder XRD was performed. Pieces of crystal were either cut or
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